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ABSTRACT
Chitosan (CS) is a man-made sugar based biopolymer derived from chitin, the second
most abundant natural polymer after cellulose. Chitin is sourced from crustacean species such
as shrimps and crabs. The chemical structure of chitin contains N-Acetyl D-glucosamine
monomer units which forms CS upon deacetylation. In CS, β-(1-4) linked D-glucosamine
units are randomly distributed. Approximately 75% - 80% sugar units contains primary
amine groups in commercially available low molecular weight CS. Biodegradability, low
toxicity, mucoadhesive and transfecting properties of CS polymer are attractive for
applications as oral and nasal drug delivery systems.
Chitosan polymer is water insoluble at neutral pH. To solubilize CS, dilute mineral
acid (such as hydrochloric acid and nitric acid) or organic acid (such as acetic acid) is often
used. CS contains both hydroxyl and primary amine groups in its structure. In acidic solution,
the amine functional groups become protonated (positively charged). Positively charged CS
remains stable only in low pH condition due to electrostatic repulsion of charged polymer
segments. Therefore, by using a suitable anionic (negatively charged) cross-linker, stable CS
particles (such as nanoparticles and microspheres) can be prepared. This is popularly known
as ionic gelation method. Extensive studies have been done on the synthesis of drug loaded
CS particles where particle integrity is maintained by ionic gelation using tripolyphosphate
(TPP, an anionic cross-linker). Drug encapsulated CS-TPP composite particles are shown to
maintain biodegradability and biocompatibility. The CS-TPP composite particles exhibits
very limited dispersibility at neutral pH conditions specifically in neutral buffered conditions.
A number of biomedical applications (including systemic drug formulations) however
demands buffer-stable CS composite particles for achieving optimal therapeutic outcome.
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To overcome the above dispersibility issues, CS polymer and CS particles units have
been chemically modified using water soluble motifs (such as water soluble polymer or
ligands). This approach is very cumbersome and usually involves multiple purification steps.
Chemical

modification of natural

CS

chain

introduces

risks

of compromising

biodegradability and biocompatibility. Therefore, there is a strong need for developing a
straightforward method of making water soluble CS and CS particles.
Chapter 1 of this dissertation presents an overview of the CS polymer, various
applications of CS polymers, methods of making CS polymers and CS particles, current
limitations of synthesis methods for preparing stable chitosan particles at neutral pH
conditions and finally delineates the scope of the proposed research work.
Chapter 2 describes development of chemo-hydrothermal synthesis method for
producing water soluble CS polymer and water dispersible CS composite particles. In this
method, a chemical (depolymerizing agent) is used to treat CS polymer in a hydrothermal
(high temperature and high pressure) condition. Two types of depolymerizing agents have
been used, an inorganic acid (e.g. hydrochloric acid, HCl) and a bicarboxylic organic acid
(e.g. tartaric acid, TA). In both cases, 100% depolymerized CS polymer was obtained.
Chemical characteristics of the depolymerized CS were comparable to acid solubilized CS.
CS polymer exhibits weak fluorescence. Interestingly, hydrothermally depolymerized CS
shows strong fluorescence properties irrespective of the nature of depolymerizing agent used.
TA not only depolymerized CS but also formed CS-TA composite particulate structures in
solution via self-assembly. The CS-TA composite particles are stable in a wide pH range
from 5 to 11. Detailed spectroscopic and microscopic studies have been done to understand
the basic mechanism of particle formation and increase in fluorescence properties (i.e.

iii

structure-property relationship). Usefulness of CS-TA in solubilizing water-insoluble cargos
(such as fluorescein isothiocyanate, FITC) has been demonstrated.
Chapter 3 is focused on hydrothermal synthesis of mixed-valence copper (Cu) oxide
loaded CS-TA composite particles and their characterization. Crystalline Cu oxide
nanoparticles were coated with the CS-TA layer. Water dispersibility of Cu oxide greatly
improved upon coating with CS-TA material. To demonstrate catalytic activity of Cu-oxide
loaded CS-TA film in sequestering carbon dioxide (CO2), an electrochemical setup was used.
Electrochemical reduction of CO2 was successfully demonstrated. It was observed that CSTA environment not only maintained catalytic properties of Cu oxide but also allowed
solution processing of Cu-oxide film onto the electrode surface.
Chapter 4 discusses a convenient method of making monodispersed water dispersible
Cu loaded chitosan nanoparticles (Cu-CS) using HCl depolymerized CS polymer. The
purpose of this study was to investigate if there was any improvement in antibacterial
properties of Cu-CS nanoparticles prepared using hydrothermally treated CS polymer.
Interestingly, it was observed that the antibacterial efficacy of Cu was not compromised in
Cu-CS nanoparticles. Moreover, the materials exhibited improvement in antibacterial
efficacy against both Gram-negative and Gram-positive bacteria species. A plausible
mechanism has been proposed to explain antibacterial results.
Chapter 5 summarizes major findings of this dissertation research and presents future
research directions.
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CHAPTER1
INTRODUCTION
1.1

Historical Background of Chitin and Chitosan

Chitosan is a polysaccharide obtained from naturally abundant biopolymer chitin [1].
Approximately, ten billion tons of chitin are biosynthesized in nature every year [2]. Chitin
has N-acetyl-D-glucosamine as a monomer unit. After 60% deacetylation of chitin the
modified co-polymer that dissolves in dilute acid is known as chitosan [3]. Chitin was first
discovered in 1811 by Henri Braconnot, a French professor and he named chitin as fungine
[4]. Another French scientist A. Odier in 1823 separated the same substance from the elytra
of beetles and named this compound as chitin [5]. In 1843, J.L. Lassaigne found that chitin
contains nitrogen that proved chitin is not cellulose [6]. In 1878 G. Ledderhose undertook
thorough hydrolysis of Chitin and found that glucosamine and acetic acid as products [6]. In
1859 a French scientist C. Rouget boiled Chitin in a concentrated alkali solution and found
that the product can be dissolved in organic acid after washing [7]. In 1894 Hoppe-Seyler
confirmed that the product is deacetylated Chitin and therefore named it chitosan. All the
Chitin exists as complex compound. Chitins combine with proteins to harden the cuticles of
insects by cross-linking with polyhydric phenol where as in fungi Chitins combine with other
polysaccharides such as cellulose [8].
Structural parameters: Chitin can be divided as α, β and γ Chitins depending on 3-D
structural arrangement depending on different possible hydrogen bonding.
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Figure 1.1 Crystal structure of α Chitin (a), crystal structure of β Chitin (b) [3]
1.2

Applications of Chitosan

Among many potential biomedical applications, drug delivery [9] by chitosan particles
and hydro gels [10] [11] have been extensively investigated. Particularly, chitosan particle
mediated drug delivery is an attractive approach for use in ocular and nasal drug
administration. This is due to its high surface area of chitosan particles which facilitates slow
release of drugs [12]. As a result of mucoadhesive property, drugs are transported across
epithelial cells more efficiently. The following schematic diagram shows different methods of
making chitosan particles.
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Figure 1.2 Schematic diagram showing various methods for preparation of chitosan
microspheres [13].
Chitosan has film forming and natural antimicrobial properties, thus making it a
potential candidate for use in as a wound healing material [14]. Other applications of
chitosan include its use as a coating agent in stabilising metallic or semiconductor
nanomaterial. Zhu et. al., prepared CS-Au nanocomposites which absorb IR ,showing good
photo- therapeutic activities [15].

1.3

Chitosan Particles

Chitosan particles are traditionally prepared using a cross-linking technique [16, 17].
In cross-linking, chitosan polymer is combined with either an ionic or covalent cross-linker.
In covalent cross-linking, glutaraldehyde is commonly used as a cross-linker. In a typical
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procedure, low molecular weight CS is dissolved in dilute acetic acid solution (1-2%). Next,
a cross-linker such as glutaraldehyde is added to CS polymer under vigorous mechanical
stirring. During the glutaraldehyde mediated cross-linking process, the amine groups (–NH2)
of CS react with the aldehyde (-CHO) group of glutaraldehyde. In ionic cross-linking,
negatively charged polyvalent cross-linker such as tripolyphosphate (TPP), citric acid [18]
and tartaric acid [19] is used. Particle integrity is retained due to strong electrostatic
interactions between the positively charged CS polymer and the negatively charged
phosphate groups of TPP in neutral pH conditions. Therapeutic drugs are added for
encapsulation prior to crosslinking. No significant difference was reported in drug loading
efficiency irrespective of ionic or covalent crosslinking [20, 21].
In the absence of a chemical cross-linker, CS particles can also be prepared by heat
treatment. Previous studies have shown heat treatment of CS polymer facilitates selfcrosslinking [22]. Self-crosslinking structures are formed by intra-and/or inter-molecular
hydrogen bonding, the exact mechanism of self-crosslinking is not yet completely known
[23].
Chitosan polymer structure contains both amine group and hydroxyl group. These
functional groups are capable of forming complexes with a variety of metals ions such as
copper, zinc and iron, thus serving as a metal chelator. A number of published literatures
demonstrated usefulness of chitosan polymer as a coating agent for metal and metal oxide
nanoparticles [24], [25]. In these materials chitosan functional groups are bound to
metal/metal oxide surfaces. CS has been used as heavy metal ion scavenger due to its
chelating properties.
Further applications of chitosan are derived from its ability to form coordinate linkage
to transitional metal ions and act as a heavy metal scavenger. It scavenges by coordinating
4

with –OH and/or –NH2 groups. Wang et. al., studied dielectric properties of iron doped CS
microspheres and showed that Cu2+ ion can tightly bind to CS microspheres, and form a
compact structure [24]. Recently, chitosan is used as coating material over metallic or metaloxide nanoparticles (NPs) to impart stabilization. Vaseashta et. al., synthesized CS coated
magnetic Fe3O4 NPs and showed that average particle size is 156 nm with low molecular
weight CS, but with medium and high molecular weight CS the average particle size becomes
260 nm and 309 nm respectively [25]. This indicated that low molecular weight CS appears
to be more effective in synthesizing smaller size NPs.
In addition to particle formation, chitosan can form films or membrane like structures.
The tensile strength of these structures can be regulated by adding suitable filler like Chitin
whisker [26-28]. The tensile strength and film quality are shown to depend on the method of
film casting [14]. CS films casted from aqueous acetic acid are found to be more mobile and
flexible. This varies greatly from films casted from dilute HCl solution which are brittle and
rigid. This is because of the competition between local structure and long range order within
the film structure. It is seen that organic anions facilitates long range molecular organization
in CS film. However, inorganic anion such as Cl- causes defects in the film structure [14].

1.4

Copper Chitosan Composites

Among recently published papers on biological applications of CS-metal ion
composites, most of them have studied CS as metal ion chelator [29-36], [29, 33, 36, 37].
Most researchers used TPP ionic cross linked chitosan nanoparticles followed by Cu2+
loading (spray-dry, dip-dry technique) to prepare copper loaded CS nanoparticles for
biological studies [34]. Metal ion chelation can be greatly influenced by physical state and
the morphology of CS nanoparticles [38]. The degree of deacetylation (DD), crystallinity and
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polymer weight are shown to influence physico-chemical properties of CS [38]. A previous
study indicated that metal ion chelation is optimum when 70-82 % deacetylated CS in 1%
AcOH solution is used [38].
Biocidal properties of copper including copper salts and copper oxides exhibit killing
effect via metal toxicity that affects the physiology of bacteria and fungi. Interestingly,
copper is an essential trace element present in more than 30 key proteins of biological
systems including prokaryotes and eukaryotes. Dopamine β-hydroxylase and superoxide
dismutase are two such examples which help to remove peroxide radicals due to its unique
property of having redox states Cu (I)/Cu(II). At the same time, copper redox property may
also cause cellular membrane damage. This is due to generation of highly reactive hydroxyl
radicals by reaction (1).
( )

( )

( 1)

The hydroxyl radical (ROS) can lead to oxidation of proteins containing sulfhydryls
groups of lipids present in cell wall of bacteria and thereby eliciting a killing effect [39, 40].
Additionally, copper loaded CS nanoparticles has been tested for various applications such as
insulin entrapment whose therapeutic activity was demonstrated in a diabetic mouse model
[41]. Anti-proliferative effect of copper-chitosan particles has also been examined on HeLa
cells using flow cytometry analysis [36].

1.5

Challenges

Chitosan polymer is water insoluble at neutral pH. To dissolve chitosan, amine groups
of the polymer must be protonated. Therefore, to prepare CS solution dilute mineral acids
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(such as hydrochloric acid and nitric acid) or dilute organic acid (such as acetic acid) is
generally used. When pH of the chitosan acid solution is raised above 6.5, polymer
precipitates out of the solution. This is a major challenge which must be addressed prior to
using CS polymer or CS particles or CS composites for biomedical applications at
physiological pH conditions. Thus use of CS as drug carrier or for other pharmaceutical uses
are made after modification of CS structure with long hydrophilic group like glycol CS. Very
recently Lee and Kamarul synthesized bio-compatible hydrophilic CS composites using
polyvinyl alcohol (PVA), poly-ethylene glycol and carboxymethyl CS [42].
Table 1.1 Various methods of preparing water soluble chitosan.

Method of Making Water Soluble
Chitosan

Small molecules

Carboxymethyl group [43], [N-(2hydroxypropyl)-3-trimethylammonium] [44],
Glycol [45]

Polymer

Alginate [46], dextran [47], cellulose [48]

Long chain fatty acid

oleic acid and N-palmitoylation [49]

Chemical
modification

Conjugation to water soluble

Depolymerization

Depolymerizing agent

Chemical

Inorganic acid

HCl [50, 51]

Organic acid

CH3CO2H [52]

Oxidizing agent

H2O2 [53]

Enzymatic

Chitosinase [54]

Radiation

X-ray, γ-ray, microwave [55]

Hydrothermal

Water and high temperature and high pressure
[56]

Wei et. al., reported a strategy of solubilising chitosan using an amphiphilic ionic liquid
which contains carboxyl groups. This requires chemical modification of chitosan polymer
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char to introduce water soluble carboxyl functionalities from ionic liquid. However, the
chemical conjugation process is cumbersome and biocompatibility of the resulting product is
limited [57].

1.6

Objective of the Dissertation

The objective of my dissertation is to develop a convenient greener method of
preparing water soluble chitosan polymer and polymer composites. In particular, I introduce
chemo-hydrothermal synthesis strategy which takes advantage of the existing knowledgebase
of chemical depolymerisation and hydrothermal synthesis techniques. Two types of chemical
depolymerizing agents, hydrochloric acid (a mineral acid) and tartaric acid (an organic
bicarboxylic acid) have been used to study their efficacy in depolymerizing chitosan
polymers in hydrothermal conditions. Selection of tartaric acid was intentional to not only
depolymerize chitosan polymer to improve its aqueous solubility but to introduce additional
hydroxyl groups to the chitosan-tartaric acid self-assembled structures which can remain
stable in a wide pH range around neutral pH. specific objectives are (i) to determine optimum
reaction conditions for preparation of cost effective water soluble chitosan and its composites
(ii) to study in depth the fluorescence behaviour of these water soluble chitosan (iii) to
examine possible applications of these water dispersible composites of FITC-CS in
fabricating ON-OFF fluorescence sensor (iv) to study electro catalytic activity of CuO/ Cu2O
– CS composite towards CO2 reduction keeping in view of the fact that CuO/ Cu2O is a well
reported electro catalyst for CO2 reduction and its composite is expected to improve its
catalytic activity through its film forming ability and protonation behaviour and (v) to study
antibacterial activity of CS- CuO/ Cu2O towards Gram positive and Gram negative bacteria
with a view to study their possible use as a biocide. To the best of our knowledge these
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studies of CS nanoparticles and its composites with inorganic CuO/Cu2O oxides have not
been explored much. Results of present study are expected to be useful in future studies on
drug encapsulation and drug delivery by CS microspheres, fluorescence based sensor
development, photo-catalyst and electro-catalyst development for CO2 reduction and in
preparation of different biocides. Apart from these application oriented studies, present
results will provide necessary feedback in understanding the basic mechanism of particle
formation of CS with cross-linkers and also about enhancement of fluorescence intensity of
depolymerized chitosan.
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CHAPTER2
SYNTHESIS OF WATER SOLUBLE CHITOSAN
NANOPARTICLES BY HYDROTHERMAL METHOD AND STUDY
OF THEIR PHYSICO-CHEMICAL PROPERTIES
2.1

Introduction

Chitosan (CS) is a biocompatible polymer derived from natural polymer chitin and
used extensively in drug delivery [1, 2], gene delivery [3, 4], tissue engineering [5, 6], textile
industry and food packaging. It is biodegradable, nontoxic, non-immunogenic and noncarcinogenic [7-10]. It is important to have water soluble chitosan for drug deliver
applications due to its excellent mucoadhesive and platelet aggregation properties [11-13]
which work well in its protonated form. The –NH3+ group of chitosan can bind with
negatively charged biological molecules [14]. Thus, biomolecule aggregation is due to
interactions [12, 15-17] of positively charged CS with negatively charged mucin
(glycosylated proteins).
Water soluble chitosan is obtained through chemical modification of hydrophilic
molecules to the reactive -NH2 group [18-22] of CS. But these modification steps are often
tedious with poor yield. To avoid these disadvantages, we proposed a one-step hydrothermal
synthesis of completely water soluble chitosan nano/micro particles at biological pH. These
chitosan nanoparticles could serve as outstanding drug delivery vehicles. In most cases, drugs
are either directly bound during ionic gelation [17]. Another approach of drug loading is to
modify the chitosan backbone to form an amphiphilic polymer that can readily undergo
micelle formation [18] and encapsulate the drug within the micelle core. However, the lack of
controlled release of drug due to the introduction of additional functional groups from the
chemical modification steps is a persistent problem.
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It was recently reported [23] that chitosan solubilized in dilute acid exhibited
enhanced fluorescence properties upon heat treatment which was then used for sensing of
Fe3+ in blood samples. Thus, it will be of particular interest to examine the impact of
hydrothermally depolymerized chitosan (involving high temperature and high pressure
reaction conditions) accompanied with acidic conditions and their impact on chitosan
fluorescence properties. Present research has been focused on developing water-soluble
chitosan and composite chitosan particles under hydrothermal conditions using chemical
depolymerizing agent. To date no reports have been published addressing synthesis of watersoluble inherently fluorescent chitosan polymer in hydrothermal conditions.

2.2

Experimental

2.2.1

Materials

Low molecular weight chitosan (CAS# 9012-76-4), L-(+) Tartaric acid (CAS# 87-694), and NMR solvents (D2O; CAS# 7789-20-0 and CD3COOD; CAS# 1186-52-3) were
purchased from Sigma Aldrich. De-ionized (DI) water was obtained from a Barnstead
Nanopure Diamond purifier (Model number D11931). Dialysis membrane was obtained from
Spectrum Lab with 3.5 KD cut off. Nylon syringe filter was purchased from VWR. UV-VIS
absorption spectra of CS-TA hydrothermal products (samples 1-4) were recorded using
Varian Cary 300 Bio UV-Vis spectrophotometer. Fluorescence excitation and emission
measurements of these samples were measured using SPEX Nanolog Spectrofluorometer
(Horiba Jobin Yvon). Fourier Transform Infrared Spectroscopy (FT-IR) was used to
characterize the functional groups of samples 1-4 using a Perkin Elmer Spectrum 100 ATR
FT-IR Spectrometer. Virian-Mercury 300 Hz NMR spectrometer was used to collect H1NMR
spectrum. High-Resolution Transmission Electron Microscopy (HRTEM) images were taken
17

on a FEI Techno F30 and used to image samples, determine particle size, size distribution
and crystallinity. Zeiss ULTRA-55 FEG SEM was used to image particle morphology.

2.2.2

Synthesis of Water Soluble Chitosan

For the preparation of tartaric acid depolymerized chitosan, low molecular weight
chitosan (300 mg) was taken in a 50 ml centrifuge tube with Tartaric acid (300 mg) followed
by dissolving the mixture in 30 ml DI water while vortexing. The mixture remained partially
dissolved and formed a gel-like material. The mixture was transferred to a Teflon coated
50ml hydrothermal container and heated at 150⁰C for 90 minutes followed by room
temperature cooling. The final product was a transparent liquid with pH 2.97 (Sample 4).
Sample 4 was filtered through 0.22μm nylon syringe filter to obtain similar transparent liquid
at pH 2.93 (sample 3). Sample 4 was dialyzed, against DI water for 7 days to raise the pH to
6 (Sample 2). Sample 2 was filtered through 0.22μm nylon syringe filter to obtain Sample 1.
Digital images of Sample 1 and CS-TA mixture in DI water before hydrothermal treatment
are shown in Figure 2.1.
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Hydrothermally treated
CS-TA(HT)

CS-TA Mixture

Figure 2.1 Digital image of aqueous solution of hydrothermally treated CS-TA (Sample 1 pH
6.6, right) and CS-TA mixture (no hydrothermal treatment, left).
2.2.3

Preparation of AFM Samples

Samples were spin coated onto a plastic cover slip and vacuum dried. Plastic cover
slip without any sample was used as control. AppNano silicon nitride probe with spring
constant ~0.084 (N/m) was used.

2.2.4

HRTEM Sample Preparation

10 mg of lyophilized powder of sample 1 was dispersed in 1.0 ml DI water followed
by vortexing and sonication (1-2 minutes) using a bath sonicator (Barnstead Lab-Line, model
# 9322; 600 Watts) and the 400-mesh carbon coated copper TEM grid was dipped into this
solution. A second set of TEM grids were prepared by dipping it inside Sample 1 prior to
lyophilization and redispersion. The grids were kept on Whatman filter paper to absorb
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excess liquid from the grid and then air dried for 15 minutes followed by vacuum drying for
12 hours.

2.2.5

FT-IR Sample Preparation

FT-IR spectroscopy technique was used to characterize the functional groups present
in chitosan-tartaric acid hydrothermal product (Sample 4) and after dialysis and filtration
(Sample 1). Fluorescence spectra of Sample 1 to 4 as well as chitosan in acetic acid and
chitosan-tartaric acid mixture were recorded.

2.2.6

UV-Vis and Fluorescence Sample Preparation

Samples were prepared either DI water or in CH3CO2Na/CH3CO2H buffer system.
Appropriate background corrections were carried out for each respective solvent prior to
recording UV-visible spectra. Following UV-Vis measurements, fluorescence emission was
recorded for each sample, respectively.
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2.3

Result and Discussion

Table 2.1 Optimization of reaction conditions for preparation of water soluble CS

2.3.1

Water solubility of CS-TA and effect of pH

The initial attempt to prepare water soluble chitosan was by hydrothermal technique
using exclusively water as the solvent without any reagent. However only 4% of the water
soluble product was collected which indicated an extremely poor yield. Product yield
improvements resulted from using 1% AcOH, 1% HCl and 1% H2O2 to prepare water soluble
chitosan under hydrothermal condition. Methods including these reagents are already
reported in the literature, however with H2O2, new functional groups were generated during
the depolymerization process. It was observed that CS depolymerization was effective under
hydrothermal conditions when either inorganic (HCl) or organic (AcOH) monobasic acid are
used. This may be due to the fact that Cl- ion and AcO- ion are weak ionic cross-linkers. To
21

improve cross-linking as well as solubility, organic dibasic tartaric acid (TA) was introduced.
TA has two terminal carboxyl groups and two secondary hydroxyl groups. These carboxyl
groups are expected to electrostatically interact with amine groups of CS to facilitate ionic
cross-linking (gelation). Moreover, overall solubility of the cross-linked CS-TA was
improved due to introduction of hydroxyl groups.
Tartaric acid (TA) and chitosan (CS), when combined in 1:1 mass ratio in DI water at
room temperature, formed a hazy viscous solution. However, the same mixture after
hydrothermal treatment at 150°C for 90 minutes formed a stable, transparent solution. This
indicated depolymerization of CS, followed by cross-linking with TA.
Another interesting observation was made that this cross-linked CS-TA remained
stable in a wide pH range (pH 5-11). This hydrothermally treated solution containing CS-TA
mixture was acidic (pH 2.97), which indicated the presence of tartarate ions. After filtering
through a 0.22 μm filter, the pH of the CS-TA filtrate didn’t change significantly (pH= 2.93).
However, when the pH of the mixture was raised to 7 by adding 1(N) NaOH solution, the
following observation was made. When pH of the mixture reached around 4, it becomes
turbid indicating precipitation of polymer segments induced by neutralization of positively
charged amine groups of CS. Further increase in pH caused the turbid solution to become
transparent. This suggested the formation of tartarate ion assisted ionically cross-linked
depolymerized CS-TA composite (Figure 2.1).
Dialysis technique was used to remove excess tartarate ions from the CS-TA
composite. Hydrothermal treated sample CS-TA mixture was dialyzed against DI water for
72 hours. In every 8 hours, bulk water was replaced with fresh DI water. It was observed that
the obtained product showed pH change close to neutral, suggesting that most of the free
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tartarate ions had been removed. The product, in its powder form, exhibited bright green
emission under UV excitation before and after dialysis (Figure 2.2).

Figure2.2 A representative fluorescence microscopy image of dialyzed and
lyophilized powder of CS-TA composite showing bright green emission under
UV excitation.
2.3.2

UV-VIS and Fluorescence Study

UV-Vis spectra of CS-TA depolymerized chitosan is shown in Figure 2.3. Similar
UV-Vis spectra for acetic acid depolymerized and HCl depolymerized CS are also shown for
comparison. A characteristic absorption peak at 292nm was observed in both TA and AcOH
depolymerized CS. Interestingly this absorption peak was absent in the HCl depolymerized
CS. Additionally, the absorption spectral profile of CS-TA was different in comparison to
HCl depolymerized CS (black line and cyan line, Figure 2.3). This suggests that organic acid
mediated CS depolymerization induced ionic cross-linking. Gartner et. al. reported similar
effects of chloride and acetate ions on the CS aggregation[23] using solid state NMR and XRD
techniques.
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Figure 2.3 UV-Vis spectra of Sample 1 (black), Sample 1 dialyzed against DI water at pH
6.5(red), HCl depolymerized chitosan (cyan), Acetic acid depolymerized chitosan
(blue) and CS-TA mixture (pink).
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Figure 2.4 Fluorescence spectra of Sample 1 (black), Sample 1 dialyzed against DI water at
pH 6.5(red), HCl depolymerized chitosan (green), Acetic acid depolymerized
chitosan (blue), CS-TA mixture (gray) excited at 340 nm.
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2.3.3

Effect of pH on CS-TA UV-Vis Spectra

Figure 2.5 Shows the effect of pH(4-7) on UV-VIS spectra of CS-TA before and after
dialysis. The absorption peak around 275nm was clearly observed from sample 3. The peak
position did not change when the pH was varied from 4-7. However, when sample 3 was
dialyzed, there was no distinct absorption peak observed. Instead, there was a shoulder that
appeared around 295nm. This indicated that dialysis removed free tartarate ions (sample 1).
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Figure 2.5 UV-VIS spectra of Sample 1(black) and Sample 3 at different pH 4 (red),
5(blue), 6(green), 7(pink).
2.3.4

Fluorescence Spectra Analysis

The effect of pH and excitation wavelength on fluorescence property of CS-TA was
investigated. Figures 2.6 and 2.7 show fluorescence spectra of depolymerized CS-TA at
pH~3 (sample 3) and pH 6.6 (sample 1), respectively. Excitation wavelength was varied in
the range 287-380nm. It was clearly observed that excitation wavelength variation caused
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change in fluorescence emission wavelength. As the excitation wavelength increased, the
emission wavelength gradually red shifted. This observation is indicative of the presence of
mixed chromophore systems with different band gaps (i.e. HOMO-LUMO energy gap). This
excitation wavelength dependent emissin property of CS-TA composite particles has been
attributed to the presence of depolymerized CS polymer segments of different chain lengths.
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Figure 2.6 Fluorescence spectra of CS-TA at pH ~ 3 (sample 3) at different excitation
wavelength, λex=300 nm(black), 320 nm (red), 335 nm(blue), 340 nm(cyan), 350
nm (pink), 360 nm (dark yellow), and 380 nm (dark blue).
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Figure 2.7 Fluorescence spectra of CS-TA at pH 6.6 (sample 1) at different excitation
wavelength. λex=287 nm (black), 320 nm (red), 335 nm.(green), 340 nm(blue),
350 nm (cyan), 360 nm (pink), 380 nm (yellow).
Comparison of emission spectra of Sample 1 and 3 at 340nm excitation doesn’t show
any change emission peak position or in full length at half maxima height value (Figure 2.6
and 2.7). This suggest that the pH has no effect on the fluorescence properties of CS-TA
composite at a given excitation wavelength. In addition, counter ions, such as tartaric acid do
not exhibit any influence on the emission of CS-TA composite material.

2.3.5 Origin of Fluorescence
Depolymerized CS polymer exhibited improved fluorescence properties when
compared to CS without depolymerization. In addition, bicarboxylic organic acid (such as
TA) mediated depolymerized CS showed brighter fluorescence in comparison to mineral
acid. To explain this interesting observation, fluorescence study on glucosamine was done.
Figure 2.8 shows the emission spectrum of glucosamine at 340 nm excitation. It is interesting
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to observe that glucosamine fluorescence matches with the CS emission at 340 nm
excitation. Therefore, the origin of CS fluorescence is indeed from its glucosamine monomer
units. The presence of keto (>C=O) groups in gluocosamine and CS are responsible for the
fluorescence property.
Organic molecule containing keto groups are known to exhibit weak fluorescence due
to dominating non-radiative emission pathways [24] such as polycarbonyl organic
compounds. These keto groups behave as an individual chromophore. In CS, these
chromophores are present in the polymer chain. In depolymerized CS, longer polymer chains
are shortened to smaller chains. This results in formation of polymers segments with different
number of chromophores, showing excitation wavelength dependent fluorescence properties.
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Figure 2.8 Fluorescence spectra of N-Acetyl D glucosamine at λex=340 nm.
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Figure 2.9 Fluorescence spectra of chitosan in 1% HCl solution diluted by different solvents
(20% acidic water: 80% solvent; V/V) DI water (Blue), methanol (Green),
acetonitrile (Black), dimethyl sulfoxide (DMSO, Red). Excitation wavelength:
340 nm
Effect of non-aqueous solvent on the fluorescence property of CS was investigated
using a series of solvents: DI water (Blue), methanol (Green), acetonitrile (Black), dimethyl
sulfoxide (DMSO, Red). From Figure 2.9, it was observed that CS emission intensity
increased with the decrease in polar and protic nature of the solvent. Maximum fluorescence
intensity was observed in DMSO and acetonitrile. These solvents are comparatively nonpolar
and unable to participate in hydrogen bonding (H-bonding). Intermediate fluorescence
intensity was observed in methanol which is not only polar but capable of forming H-bonding
with CS. Weakest fluorescence was observed in DI water which is highly polar and capable
of forming strong H-bonding with CS. It is suggested that polar and protic solvents with Hboding capability facilitate hydration and swelling of CS polymer composites. Water
molecules populate in between polymer segments, causing their separation and enhancing
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relaxation of exited electron through non-radiative pathways. Polar and protic solvents serve
as a fluorescence quencher for the CS composites.

2.3.6

HRTEM and AFM Studies

1 µm

Figure 2.10 HRTEM image of lyophilized Sample 1: bright field (top) and dark field with
inset showing SAED pattern (bottom).
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Figure 2.10 shows HRTEM images of CH-TA composite particles recorded in dark
field and bright field modes. Particle size was in the range of 100 nm- 300 nm. Some
particles appeared darker (i.e. more electron dense) than others. Selected area electron
diffraction pattern (inset) indicated that the CS-TA appears to be amorphous. Figure 2.11
shows the AFM images of CS-TA composite particles in the size range 200 nm -300 nm
which correlates well with the HRTEM results. It appeared that CS-TA composite particles
formed a film on the substrate. The genesis of composite particle formation can be explained
in terms of a budding mechanism [25]. Figure 2.12 is an optical microscopic image of
hydrated CS-TA showing layered structures. It is clearly seen that CS-TA particles (“buds”)
are being produced from the CS-TA layered structures.

A

D

C

B

E

Figure 2.11 AFM image of CH-TA composite particles. A. line profile showing particle
diameter, B. 2-D image with scan size 2 µm, C. 3-D image at an angle 45o, D. 3D image of B (complete 2 µm scan size at an angle 45o), E. particle size
information obtained from A and B.
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2.3.7

Formation of Nanoparticles of CS-TA

Figure2.12 Optical (bright field) microscopic image of CS-TA showing formation of
composite particles.
Enhancement of fluorescence intensity of CS-TA composites can be explained based
on the formation of layered structures. In this kind of structures depolymerized polymers
chains are closely packed. CS-TA composites appear to have micelle-like spherical
structures.

Recently, Huang et. al. reported the enhancement of fluorescence intensity of CS

upon heating [26]. As per their explanation, heating facilitated formation of micelle-like
structures which resulted in the increase in fluorescence intensity.
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2.3.8

FT-IR Study
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Figure 2.13 FT-IR spectra of sample 4 (Blue), sample 4 with adjusted to 7.4 with NaOH
(dark blue), TA (red), CS (black), CS and TA mixed (pink), and sample 1 (cyan),
aceitic acid depolymerized Chitosan (lime).
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Figure 2.14 FT-IR spectra of sample 4 (Blue), sample 4 with adjusted to 7.4 with NaOH
(dark blue), TA (red), CS (black), CS and TA mixed (pink), and sample 1 (cyan),
aceitic acid depolymerized Chitosan (lime).
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FT-IR measurements were done of sample 4 and sample 1 as well as their controls.
The FT-IR spectra are plotted in Figure 2.13 and 2.14 shown in different wavelength ranges.
The FT-IR absorption wavenumbers for different functional groups are listed in Table 2.3.
After 72 hour dialysis and filtration through .22µM nylon filter the tartaric acid characteristic
peaks are present (Figure 2.13) indicating the presence tartaric acid and the removal of free
tartaric acid.
Table 2.2 FT-IR explanation of CS-TA in different solutions.

Close inspection of FT-IR of depolymerized chitosan indicated that the basic features
of FT-IR of CS remains unaltered except for a small shift in peak position, indicating that no
new functional groups were created due to depolymerization under hydrothermal condition. It
is also interesting to note that cross linker tartaric acid did not form any covalent linkage with
34

the functional groups of -NH2 of CS in hydrothermal conditions. However the FT-IR spectral
features of the tartaric acid (red line in Figure. 2.14) were retained to some extent in the
depolymerized sample indicating it was acting as an ionic cross-linker which was not
completely removed by dialysis against DI water. We have taken FT-IR of CS-TA after
dialyzing the solution under hot (40⁰C) condition. The FT-IR spectra of CS-TA with controls
after dialysis against water at 40⁰C is shown in Figure 2.15.
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Figure 2.15 FT-IR spectra of Sample 4 (Blue), TA (red), CS (black), CS and TA mixed
(pink), and sample 1 (cyan) dialyzed against water at 40⁰C.
It is seen that the tartaric acid signature (Figure 2.14 and Figure 2.15) almost vanishes
under hot dialysis of CS-TA. This is due to the dissociation of tartaric acid from CS due to
the increased temperature. In addition, it provides additional support towards showing that
TA is acting as an ionic cross linker and is weakly bound to CS the matrix.
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2.3.9

NMR Study

Figures 2.16 to 2.19 show the NMR spectra of CS-TA under different preparation
conditions. CS proton peaks are retained in CS-TA but new peaks at 1H NMR (D2O): δ =
4.187 (s, 1H, CH) and δ = 4.267 (s, 1H, CH) ppm appeared due to presence of TA in CS-TA
composite (sample 1). 13C NMR (D2O): δ = 177.547 and δ =177.347 ppm which correlates
with 1H NMR findings. Thus, both from FT-IR and NMR studies, no new functional groups
are generated upon depolymerization of CS. Further diffusion studies from NMR relaxation
time (T2) indicated that both free and polymer matrix bound tartaric acid are present within
the CS matrix.

Figure 2.16 H1NMR spectrum of CS-TA composite showing chemical shift values
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Figure 2.17 13CNMR spectrum of CS-TA.

Figure 2.18 Diffusion study of CS-TA.
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Figure 2.19 H1NMR spectra of CS.
2.3.10 Water Dispersible CS-FITC
To demonstrate the usefulness of water-soluble CS-TA polymer composite in
delivering water-insoluble cargo, a model water-insoluble fluorescent dye was selected.
Fluorescein isothiocyanate (FITC) is a fluorescent dye is soluble in ethanol and widely used
as a biosensor, biomarker and for fabricating fluorescence based sensors. The insolubility of
FITC makes it impractical for direct usage in biomedical applications. Therefore we have
prepared water dispersible FITC-CS by conjugating FITC with hydrothermally prepared
water soluble CS. Ethanol solution of FITC was allowed to react with water dispersible CS
under vortex for 30min at pH 7. The isothiocyante group from FITC is able to react with the
amine groups of chitosan foring a thiourea linkage. Conjugation to CS was clarified through
FT-IR and fluorescence property changes in CS. (Figure 2.20-2.22).
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Figure 2.20 FT IR spectra of FITC (red), CS (black), FITC-CS (blue).
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Figure 2.21 UV-Vis spectra for FITC-CS (black) and FITC (red).
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Figure 2.22 Figure of UV-Vis spectra (left) and fluorescence emission spectra (Excitation
490nm, right) showing FITC-CS (black), FITC-CS quenched (blue) and dequenched (red) states after adding 0.1 N I- and then 0.1 N AcOH, respectively.
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Figure 2.23 Fluorescence emission spectra CS-TA-FITC (A) quenching by 0.25 M KI (B)
de-quenching by 0.1 M HCl (C) (top) and digital pictures (bottom)
The UV-Vis spectrum of FITC–CS composite is shown in Figure 2.21. Chemical
modification of FITC to CS produced a water-soluble fluorescent composite with FITC as the
main fluorescent component. It is seen that the characteristic peak position at 497nm
corresponding to FITC does not significantly change after chemical conjugation to CS. In
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addition, the characteristic 515nm fluorescence of FITC (resulting from 490nm excitation)
does not change (Figure 2.22) indicating that the chromophore structure was not altered.
In order to test whether the CS loaded FITC remained responsive to changes in the
environment, iodide ion was used as a model quencher. KI solution quenched the
fluorescence of FITC-CS. Iodide ion fluorescence quenching of organic dyes (such as
anthracene) has been reported in the literature [27] and is attributed to the electron transfer
from the iodide anion. Upon addition of acetic acid at 370C, CS-I- complex formed resulting
in fluorescence restoration. This CS-I- is similar to a starch I- complex because the polymer
matrix of CS resembles starch. Fluorescence restoration occurs as a result of the oxidation of
the iodide ion to diatomic iodine (I- I2). This primary observation is useful in devising
ON/OFF type fluorescence sensors (Figure 2.22 and 2.23).

2.4

Conclusions

The work presents a new method of obtaining water soluble chitosan using tartaric
acid as the chemical reagent for depolymerization under hydrothermal condition as well as
cross-linker. The water soluble particles are spherical in shape, as observed from HRTEM
and AFM, with diameter ranges from 200-500 nm.
An enhancement of fluorescence intensity of depolymerized water soluble chitosan
was observed. Fluorescence enhancement of CS was due to dequenching of the fluorescence
of the carbonyl groups present in the polymer chain after nanoparticle formation. This is
supported form the fact that poly carbonyl compounds also exhibit fluorescence emission
close to the emission wavelength of CS-TA. The results have been explained in terms of
formation of spherical sized submicron particles formed by cross-linking and similar
enhancement of fluorescence was observed with aqueous and organic solutions of CS.
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The impact of solvent on CS fluorescence was investigated. It was suggested that
polar and protic solvents with H-boding are capable of facilitate hydration and swelling of
CH-TA polymer composites causing separation and enhancing relaxation of exited electron
through non-radiative pathways when water molecules populate in between the polymer
segments.
Preparation of FITC-CS composite created a water-soluble fluorescent material using
the hydrophobic FITC fluorescent dye as the main fluorophore. FITC-CS showed an
OFF/ON type behaviour upon quenching by iodide ions and dequenching by acetic acid.
Thus, in this chapter synthesis of water soluble CS biopolymer showing fluorescence
property and loading of water-insoluble fluorescence dye (FITC) which demonstrated
ON/OFF type fluorescence capabilities.
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CHAPTER3
PREPARATION OF WATER DISPERSIBLE CHITOSAN COPPER-OXIDES COMPOSITE AND STUDY OF THEIR
ELECTRO-CATALYTIC ACTIVITY TOWARDS CO2 REDUCTION
3.1

Introduction

Recently the demand for an efficient photo- and electro-catalyst for CO2 reduction has
spurred an increase of interest for research and development [1-9]. Carbon dioxide is a
greenhouse gas and a major contributor of global warming. Natural photosynthetic pathway
or carbon pathway is not adequate enough in restoring the ecological CO2 balance due to
rapidly increasing global carbon emission [10]. There is an increasing demand for finding
alternative pathways to CO2 sequestration. CO2 sequestration through photo-chemical or
electro-chemical reduction is an attractive pathway in restoring CO2 balance [1-9]. However,
the major limitation of CO2 reduction reaction is that this reaction is kinetically not favoured
due to a high activation energy barrier. In natural photosynthetic dark reaction, free energy
from cleavage of the phosphate bond of ATP and the reducing molecule NADPH are used to
fix and reduce CO2 into a carbohydrate [10]. The enzyme Ribulose Bisphosphate
Carboxylase (RuBP CO) acts as a catalyst. Under laboratory conditions, CO2 reduction using
sun light or electrical energy can be achieved using copper oxides as a catalyst [2, 3, 11],
particularly Cu2O . Cu2O possesses a unique crystalline structure which facilitates adsorption
of CO2 molecules onto the catalyst surface. Calculated values for heat of adsorption (2.81 eV)
show favourable interactions with CO2 molecules [12].
The motivation comes from the fact that chitosan polymer easily forms a thin film
[13] and it has been successfully applied in loading enzymes for enzyme-electrodes [14] in
bio-fuel cell. A major problem in CO2 electro-reduction in aqueous media is that H2 evolution
potential is comparable to CO2 reduction potential at pH 7. Therefore copper based electro46

catalysts Cu/ CuO/ Cu2O are used for CO2 reduction to obtain enhanced Faradic efficiency.
Density Functional Theory (DFT) calculations on these systems have shown that Cu2O is a
better catalyst for CO2 reduction than CuO [10]. These calculations have also suggested that
ZnO-Cu composite would be an attractive electro-catalyst for CO2 reduction [10]. Recently,
Flake et. al. reported on the use of Cu nano cluster loaded ZnO electrodes for CO2 reduction
[15]. They have shown that a number of different reduction products are formed including
methane, carbon monoxide, ethylene, methanol, ethanol and methyl formate. Hori et. al. have
shown that CH4 is the major product of CO2 reduction when Cu2O electrode surface is used
[2, 3, 11]. It is reported that CO2 reduction occurs within the potential range - 0.6 to -1.4 V
vs Ag/AgCl electrode [15]. Usoki and his group have shown that at low overpotential CO2
reduction leads to formation of formic acid [16]. Ogura et. al., in a review article discussed
that CO2 is adsorbed onto Cu electrode surface prior to electrochemical reduction, and
ethylene and methane are the major reduction products [6].
In this chapter, synthesis, characterization and catalytic property of chitosan coated
nano CuO/Cu2O is discussed. Using a simple electrochemical setup, CO2 reduction by the
CuO/Cu2O film has been demonstrated. Use of chitosan coated Cu2O/ CuO film as a cost
effective catalyst for electrochemical reduction of CO2 has not been reported earlier to the
best of our knowledge. The present ionically-crosslinked chitosan polymer can not only form
thin film but also stabilizes nano-size CuO/Cu2O catalyst retaining its high surface area.
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3.2

Experimental

3.2.1

Materials

Water insoluble low molecular weight chitosan was purchased Sigma Aldrich (Saint
Louis, Missouri, USA) and used as received. CuSO4.5H2O (technical grade) was purchased
from CQ concepts INC (Ringwood, Illinois, USA). NaOH (ACS grade, Amresco Solon,
Ohio, USA) and HCl (technical grade, Fisher Scientific.) were used as supplied.
Hydrothermal reaction was carried out in a hard glass well stopper bomb keeping in a
temperature controlled oven (Thermo electron corporation, Lundeberg/Blue M). A Mettler
Toledo, Delta 320 pH meter was used to adjust pH of the solution after calibrating it using
HACH pH calibration solutions. Barnsted Nano pure Diamond DI water system was used to
obtain DI water of resistivity 17.9MΩ-cm. Fisher scientific Digital vortex mixer was used to
mix reagents for reaction.

3.2.2

Preparation of CS Coated Copper oxides NPs

For the preparation of CS coated Cu2O/CuO, tartaric acid has been used as
depolymerizer, ionic cross linker and complex forming agent. 300 mg of chitosan and 300 mg
of tartaric acid are taken in a Teflon taped 50ml hydrothermal container to which 30 ml of DI
water is added. The hydrothermal container was placed in an oven preheated at 1500C for 1.5
hours. Then the hydrothermal container was cooled to room temperature. In the next step, 25
ml of (1% w/v) CuSO4 solution was added to the hydrothermally depolymerized chitosan
solution. The pH of the solution then adjusted to 7.4 by dropwise adding 1N NaOH. Next, 5
ml of this solution was added to 25 ml DI water and further treated under hydrothermal
conditions at 150⁰C for one hour. This purpose of the second hydrothermal treatment was to
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convert Cu(OH)2 to Cu2O/CuO material. The resulting water dispersible product was then
dialysed for 72 hrs, centrifuged and dried under vacuum for further studies.

3.2.3

Preparation of Control CuO/Cu2O (Without CS)

We have followed a literature protocol for preparing nano copper-oxide control with
some modifications [17]. Briefly, 300 mg of CuSO4. 5H2O was dissolved in 30 ml of 10%
AcOH solution followed by hydrothermal reaction at 150⁰C for 1.5 hr. Solution pH was then
adjusted to 7.4. This dispersion was dialysed against DI water, centrifuged and dried under
vacuum. It is proposed that cupric acetate undergoes disproportionate reaction under
hydrothermal condition forming Cu and Cu2O.

3.2.4

Preparation of Control CS Solution.

1 % w/v solution of CS in 1% (v/v) AcOH was vortexes for 15 minutes to make a
clear solution and it is ready to use for drop casting on to electrode surface.

3.2.5

HRTEM analysis

About 5 mg of lyophilized powder was dispersed in 1.0 ml ethanol followed by
vortexing and sonication (1-2 minutes) using a bath sonicator (Barnstead Lab-Line, model #
9322; 600 Watts). A gold (Au) TEM grid with carbon film in one side was dipped into this
solution. The grids were kept on a piece of Whatman filter paper to absorb excess liquid from
the grid. It was then air dried for 15 minutes followed by drying on a vacuum for 12 hours.
HRTEM images were taken on a FEI Techno F30 and analyzed using Digital Micrograph
software.
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3.2.6

FT-IR Spectroscopy Technique

Fourier Transform Infra-red Spectroscopy (FT-IR) was used to characterize functional
groups present in these four samples. FT-IR spectra were recorded on Perkin Elmer Spectrum
100 ATR FT-IR Spectrometer.

3.2.7

SEM Images

Zeiss ULTRA-55 FEG SEM with Schottky field emission source (resolution 1 nm at
15 KV and 1.7 nm at 1KV) was used to take image.

3.2.8

AFM Images

Silicon wafer (boron doped) was purchased from Nova electronic materials; we
followed the same procedure described in the previous chapter. AFM studies were conducted
on a Veeco Manifold Multimode V & Dimension 3100 Combination SPM Atomic Force
Microscope.

3.2.9

XPS Images

The XPS spectra were obtained using Physical Electronics 5400 ESCA spectrometer
equipped with monochromatic Al Ka source operating at 300 W.

3.2.10 Fabrication of Cu-CS Composites Electrodes
Catalyst loaded electrodes were prepared by conventional drop cast method. 100 µL
of dispersed aqueous solution of Cu-CS was added to a 1 cm2 cleaned Pt electrode and the
water was evaporated under vacuum. For preparation of the control electrode, similar
procedure was followed. For cyclic voltammetry study, the catalyst loaded electrode was
used as the working electrode coupled with a Pt counter solution taken in a beaker containing
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a solution of 10 ml of 0.1M Na2SO4 solution saturated with CO2 , prepared just before the
measurement by reaction of 2 ml 0.2 M Na2CO3 and 2 ml 0.2 M H2SO4. CV was recorded at
a scan rate of 200 mV/second in the potential window of +0.8 to -2.0 V. The CV diagrams
are shown in Figure 3.8-3.10.

3.3

Results and Discussions

Figure 3.1 shows the HRTEM image of the prepared catalysts which are CS coated
copper-oxide nanoparticles. Most particles were spherical size and their size was < 10 nm
(Figure 3.1, left image). There are some larger irregular shapes structures which appear to be
formed from smaller size spherical particles upon fusion. All these particles were crystalline
and they were coated with CS-TA capping layer. CS-TA coated composite particles formed a
film upon drop casting. Once dried these films are stable. The crystal d-spacing value was 4.2
Å which matches well with the literature reported d-spacing value of Cu2O (111) plane.

Figure 3.1 HRTEM image of CS-CuO/Cu2O composite at low magnification (right) and
high magnification (left).
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FTIR spectra of these catalysts and their control are shown in Figure 3.2. These are
comparable to the reported spectra of CS coated copper oxides [18]. The broad peak around
3400 cm-1 of CS due to –OH and -NH2 stretching is reduced substantially both in the catalyst
due to the presence of thin layer of CS onto CuO/Cu2O nanoparticles (NMs). However, the
presence of –CH stretching at 2900 cm-1 clearly indicates that copper oxides NMs are capped
with CS. Again, appearance of a carbonyl peak at around 1450 cm-1 of the control copper
oxides NMs likely comes from its acetate coatings.
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Figure 3.2 FTIR spectra of CS-CuO/Cu2O (black), CS-Cu control (green), HTCS (red) and
control Copper Hydroxide control (blue).
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10 um

Figure 3.3 AFM image of CS-CuO/Cu2O composite material.
AFM images of the CS-CuO/Cu2O catalyst material and its control are shown in
Figure 3.3 and Figure 3.4, respectively. It is seen that distinct non-agglomerated particles of
relatively smaller sizes are formed with catalyst in contract to catalyst control where particles
are mostly agglomerated. The CS-CuO/Cu2O catalyst material preparation process involved
hydrothermal treatment for two times before and after the addition of Cu source. CS served as
an excellent capping agent not only to control the catalyst growth process but also to form
uniform size particles.
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10 um

Figure 3.4 AFM image of CuO/Cu2O (AcOH) hydrothermal.

Figure 3.5 XPS of CS-CuO/Cu2O (black line) and CuO/Cu2O, AcOH (red line)
In XPS studies, the characteristic peaks for Cu2p3/2 appeared at 932.39 eV and
Cu2p1/2 at 952.53 eV with no detectable satellite peaks (Figure 3.6 right) indicating
reduction of Cu2+ (in the form of CuO or CuSO4) has happened. The binding energy are close
to Cu(I) peak. To reconfirm that it is Cu(I) and not Cu(0) auger parameter was calculated that
came around 1848 eV which is characteristic to Cu(I). Whereas in the case of the control
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particles, the auger parameter was around 1851 eV that is due to either Cu(0) or Cu(II). A
mixture of peaks 935, 934 and 932 eV indicated presence of mixed valance Cu system. The
survey spectra for chitosan coated copper catalyst showed presence of N atom coming from
chitosan coating (Figure 3.6, left).
CS coated Cu2O/CuO nano size catalysts were studied for their electro-catalytic
properties towards CO2 reduction using cyclic- voltammetry (CV) techniques. Carpenter et.
al. in their paper reported that an indole based amine acts as a good photo catalyst for
conversion of CO2 to formic acid[19]. This paper motivated the present study using amine
containing CS-Cu2O/CuO composites.
Figure 3.7 shows two peaks representing reduction potentials at 0.0V and -0.45 V vs
Ag-AgCl respectively. The potential at 0.0V was assigned to the reduction of Cu(II) to Cu(I).
This reduction was been seen to take place at these potential values while the latter is from
the reduction of Cu (II) to Cu(I). These values are close to the reported redox behaviour of Cu
powder pasted on graphite electrode in alkaline solution [20].

Figure 3.6 Schematic diagram of electrochemical setup (left) and CS-Cu2O/CuO coated
electrode (middle) and drop casted working electrode (right).
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(a)

(b)

Figure 3.7a and 3 7b CV of CO2 reduction on to Pt|CS/CuO/Cu2O at scan rate of 200 mV/
Sec. Top one (start potential -2 V and end potential 0.8 V) and bottom one is
reversed.
Figure 3.8 shows CV of CO2 reduction on Pt/CuO/Cu2O at scan rate of 200 mV/ Sec.
A long downward cathodic tail was observed primarily in CV which indicated formation of
H2 by the reduction of protons. This process was favoured over CO2 reduction.
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Figure 3.8 CV of CO2 reductions on to Pt/CuO/Cu2O.
However, with CS composites of Cu2O/CuO, the cathodic tail in CV was short and
appeared (Figure 3. 7a) after -1.4 V with a small peak at -1.2 V. Therefore, in presence of CS,
CO2 reduction was the favoured process. CS does not show any reduction peak (Figure 3.9)
at this potential. This suggests that hydrogen evolution reaction onto CS-Cu2O/CuO catalyst
surface was retarded due to protonation of free amino groups of CS.
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Figure 3.9 CV of CS on to Pt electrode.
Flake et. al., has reported good Faradic efficiency for CO2 reduction onto Cu-ZnO
surface holding potential at 1.4 V vs Ag/AgCl [15]. Ogura et. al., pointed out that CO2
reduction starts at 0.6V vs Ag/AgCl and formation hydro-carbons like ethelene, methane etc
occur at 1.2 V vs Ag/AgCl [6]. In our control experiment with Cu2O prepared using
literature, we found a small peak at -0.74 V which may be due to reduction of adsorbed CO2
as suggested by Ogura [6]. Repeating the experiment several times using freshly prepared
catalyst, we have not found any methanol oxidation peak at the anodic scan even after 6th
cycle except oxidation peak of Cu or Cu2O. This indicates methanol formation may not be a
major product in CO2 reduction reaction onto Cu/Cu2O/CuO catalysts as observed by many
researchers. The observed anodic peak around 0.500 mV is due to oxidation of Cu (I) to Cu
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(II). It is proposed that CO2 is adsorbed from the solution on to catalyst surface prior to its
electro-reduction or photo reduction.
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Figure 3.10 Schematic diagram of proposed CS protonation model.
In this study, we have suggested a method of preparation of water dispersible CS
coated CuO/Cu2O nano particles using a hydrothermal technique. The novelty of the
synthesis is that we have used tartaric acid as a depolymerizer of CS, ionic cross-linker of CS
and complex ion formation with Cu (II).Thus, tartaric acid acts as a multi-functional reagent.
The FT-IR pictures have confirmed that particles are coated with CS. Since CS is a polymer,
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the oxides of copper (CuO/Cu2O) coated with CS are not easily agglomerated as shown in the
AFM images. The XPS images have shown that CS-CuO/Cu2O contain more Cu (I) state as a
major component while the control Cu (II) is dominating. CS-CuO/Cu2O forms a strongly
adhesive film on to Pt electrode surface and it shows CO2 reduction at a potential of -1.24 Vs
Ag-AgCl. This is close to the literature value and we have found that the hydrogen evolution
reaction is largely suppressed in the presence of CS because the NH2 group of CS undergoes
protonation in aqueous solution which repels incoming H+ towards electrode surface. This is
why the long cathodic tail which is usually found in CV of CO2 reduction in aqueous solution
as we have also observed in our control catalyst is almost absent here. Overall we have
demonstrated CS-CuO/Cu2O is a promising catalyst for CO2 reduction.

3.4

Conclusions

In this chapter, we have described an easy one pot hydro-thermal method of
preparation of CS-CuO/Cu2O, using TA as depolymerizer and TA2- as ionic cross linker and
Cu(II) chelating agent. XPS analysis of the composites shows that it contains both Cu(I) and
Cu(II) oxides. This composite material exhibits good catalytic activity for electro-reduction
of carbon dioxide. It requires low catalyst loading as the composite can form a thin film onto
a Pt electrode. It retards hydrogen evolution reaction because of presence of -NH3+ group of
CS and thus a promising material for catalytic reduction of CO2 in aqueous solution.
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CHAPTER4
HYDROTHERMAL SYNTHESIS OF CHITOSAN COATED
COPPER OXIDES COMPOSITES AND STUDY OF THEIR ANTI
MICROBIAL ACTIVITY
4.1

Introduction

Antibacterial and antifungal activities of CuO and Cu2O have been extensively
studied [1-9]. In our previous chapter, chitosan-copper (CS-Cu) composite was prepared by
one pot hydrothermal synthesis at 150 ⁰C and its catalytic activity towards CO2 reduction was
shown. It has been reported that room temperature synthesis of Cu2O resulted in the
formation of hollow or less dense Cu2O [10]. Therefore, in this chapter, CS-CuO/ Cu2O
composite were prepared at both room temperature and hydrothermal method to examine
their antibacterial activities. Previous studies have shown that antibacterial activity of Cu2O
depends on preparation conditions like temperature, nature of the reducing agent, and pH of
the solution [11]. In addition, material preparation conditions has a bearing on the crystal
structure of the copper–oxide which in turn influences the antibacterial activity [12]. For
example, octahedral Cu2O crystal exhibits higher antibacterial activity against E. coli on its
crystal plane 111 than a simple cubic geometry of Cu2O which is bounded by 100 planes.
During preparation of Cu-oxides under mild reaction conditions using depolymerized
CS and cupric salt, CS forms a chelate complex with Cu2+ ions. The first report on chitin
chelating a metal ion was reported by Muzzarelli et. al., [13]. The role of free –NH2 group of
chitosan in the complex formation process with Cu2+ is important [14]. The availability of
free-NH2 of chitosan depends on the degree of deacetylation (DD of CS), pH of the medium
(in acidic solution it becomes –NH3+), and polymer chain length.
The mechanism of antibacterial effect of chitosan and Cu-oxides is not clearly known.
One hypothesis is that adsorption of Cu oxides on the bacterial cell wall ruptures the
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membrane and compromises cell integrity due to osmotic imbalance [15]. Another proposed
mechanism of killing includes absorption of bactericides onto the outer cell wall of bacteria
followed by its penetration and entry into the cytoplasm leading to disruption in key enzymes
activity. However, the mechanism of reactive oxygen species (ROS) formation is the most
studied mechanism to explain Cu(II)/ Cu(I) mediated bacterial killing effect [16]. This is
because highly reactive hydroxyl radicals can be generated from a Fenton-type reaction in the
presence of Cu (I)/ Cu(II).
()

( )

(2)

The hydroxyl radical oxidizes sulfhydryl groups of protein and lipids [17] present in
the bacterial cell wall, thereby reducing bacterial viability by compromising bacterial cell
wall. Copper ions can also lead to depletion of sulfhydryls, such as in cytoplasmic cysteine or
glutathione, in a cycle between reactions 2 and 3
( )
( )

( )

(3)
( )

(4)

The hydrogen peroxide produced in reaction 3 can then cycles into reaction 1 and
generate more hydroxyl radicals. This chain of reactions produces radicals beyond the
neutralizing ability of the hydroxyl group scavenging system of the bacteria and thereby
exhibiting a killing effect. While Cu toxicity mechanisms are very effective, bacteria have
developed various resistance mechanisms which can lead to tolerance at low Cu levels. In
E.coli, CopA, a copper transporting ATPase in cytoplasmic membrane pumps excess Cu (I)
from the cytoplasm to the periplasm. CusCFBA, a multicomponent copper efflux system is
also present and maintains copper levels and their redox states respectively to manageable
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levels. In Gram positive bacteria, which are devoid of a periplasmic space and an outer
membrane, only CopA-type copper exporters are present and a single regulatory circuit
usually controls their expression.
In this chapter, copper- oxides /nano particles were synthesized at hydrothermal
conditions where depolymerized chitosan acted as a capping agent as well as a reducing
agent. The antimicrobial activity of the composites were studied against a model Gram
negative bacteria such as E. coli and a Gram positive bacteria S. aureus using Alamar blue
assay [18].

4.2

Materials and Methods
4.2.1

Materials

Low molecular weight chitosan was purchased from Sigma Aldrich (Saint Louis,
Missouri, USA) and used without further treatment. CuSO4.5H2O, (technical grade) was
purchased from CQ concepts INC (Ringwood, Illinois, USA). NaOH (ACS grade, Amresco
Solon, Ohio, USA) and HCl (technical grade, Fisher Scientific.) were used as supplied.
Hydrothermal reaction was carried out at 150 °C in a Teflon coated 50 ml hydrothermal
container keeping in a temperature controlled oven (Thermo electron corporation,
Lundeberg/Blue M). A Mettler Toledo, Delta 320 pH meter was used to adjust the pH of the
solution after calibrating it using HACH buffer solutions (Camlab, UK). Barnsted Nano pure
Diamond DI water system was used to obtain DI water of resistivity 17.9MΩ-cm. Fisher
scientific Digital vortex mixer was used to mix reagents for the reaction. AFM, FTIR, UVVIS studies were performed using the same setup as described in chapter 2. Zeiss ULTRA-55
FEG SEM with Schottky field emission source (resolution 1nm at 15 KV and 1.7 nm at 1KV)
in lens was used to take images for every sample used in the current work. Field emission
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scanning electron microscope (FE-SEM) technique was used to characterize the composite
material. Energy Dispersive X-Ray Spectroscopy (EDS) data was compiled with Noran
system 7 EDS with Silicon rift detector. Silicon wafer (boron doped) was purchased from
Nova electronic materials. The X-ray Photoelectron Spectroscopy (XPS) spectra were
obtained using Physical Electronics 5400 ESCA spectrometer equipped with monochromatic
Al Ka source operating at 300 W. Survey spectra were initially acquired at a pass energy
(PE) of 80 eV, followed by high-resolution spectra of Cu2p, C1s, O1s and N1s at PE of 20
eV for all of the samples. Data analysis and quantification were performed using the Vision
software provided by the manufacturer. A Shirley background was used for quantification
and curve fitting of Cu2p spectra, while a linear background was used C1s, N1s and O1s
spectra. All the spectra were charge referenced to the aliphatic carbon at 285 eV. A 70%
Gaussian/30% Lorentzian line shape was used for the curve-fits.

4.2.2

Preparation of CS-CuO/Cu2O

HCl (1% (v/v) acid solution) was prepared by adding 1 ml of conc. HCl to 99 ml of
nano pure DI water kept in a clean 200ml glass bottle. The solution was capped and kept for
further use. 1M NaOH base solution was prepared by adding 4 gm of NaOH to 100 ml of
nano pure DI. The solution was capped and used without further modification.
Chitosan at room temperature (CS) was prepared by adding 300 mg of low molecular
weight chitosan to a 50 ml centrifuge tube followed by adding 30ml of 1% (v/v) HCl
solution. The solution was vortexed to achieve a transparent gel solution. The pH of the gel
solution was confirmed as 1.0. The pH was raised to 7.4 by drop-wise addition of 1M NaOH
solution to obtain a chitosan precipitate.

67

Copper at room temperature (Cu) was prepared by measuring 300mg of CuSO4.5H2O
into a 50 ml centrifuge tube followed by adding 30 ml of 1% (v/v) HCl. The mixture was
vigorously vortexed for 5 min to obtain pale blue solution. The solution was titrated with 1M
NaOH solution to raise the pH to 7.4.
Hydrothermally treated chitosan (HTCS) was prepared by adding 300 mg low
molecular weight chitosan into a 50 ml centrifuge tube followed by adding 30 ml of 1% (v/v)
HCl solution. The chitosan particles were not dissolved completely and formed a semi fluid
gel-like material. The mixture was transferred to a Teflon taped 50ml hydrothermal container
and kept in a preheated oven at 150⁰C for 90 minutes followed by cooling at room
temperature. The final product was a transparent fluid. Like other samples, 1M NaOH was
added drop-wise to raise the pH of the solution to 7.4. Hydrothermally treated chitosan with
copper sulphate pentahydrate (CuHTCS) composite was prepared by adding 300 mg of LMW
chitosan and 300 mg of copper sulfate pentahydrate into 30 ml of 1 % HCl and followed by
hydrothermal treatment in a preheated oven at 150⁰ C for 90 minutes. Next, 1M NaOH
solution was added drop wise to raise the pH to 7.4.

4.2.3

Preparation of SEM and AFM sample

The procedure described in the previous chapter was followed. The wafer was washed
with ethanol and water to remove any loosely bound particles or organic material. Without
further treatment Si wafer were cut in to 2cm2 pieces with a glass cutter. All the samples were
spin coated with a constant clean air flow (N2) at 5psi and 2000rpm for 2 min.
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4.2.4

Microplate Alamar Blue Assay (MABA)

Antibacterial efficacy of the newly synthesized copper-chitosan nanocomposites was
determined by studying the growth of Escherichia coli (ATCC 35218) and Staphylococcus
aureus (ATCC 25923) strains subjected to copper-chitosan treatments of various
concentrations. Bacterial growth inhibition was assayed in flat-bottom, polystyrene 96-well
plates by measuring the Alamar blue dye reduction using a Spectramax plate reader
(Molecular devices) following standard protocols [19]. Briefly, bacterial cultures were grown
at 37 C in a shaking incubator (200 rpm) and harvested at exponential phase of the growth.
The optical density (OD) was adjusted to 0.5 MacFarland standards to prepare a working
stock. Bacterial cultures were added at 100 l/well at a concentration of 2 - 4 X 105 CFU/ml.
A sequence of concentrations of the test samples (in triplicates) were added thus making the
total volume to 200 l/well along with the bacterial culture. A triplicate of wells containing
classical antibiotic kanamycin (50 g/ml) served as the hallmark of bacterial killing. After 24
h of incubation at 37 C, 10 l/well of alamar blue dye (Molecular probes, OR) was added to
each well. After 60 minutes of incubation at 37 C, the absorbance of each well at both 570
nm and 600 nm were measured. Wells containing sterile media and alamar blue served as
negative control. Alamar blue assays for each bacterial strain were conducted at least three
times to verify the results for reproducibility.
The percentage reduction of the dye was calculated by using the following formula as
supplied by the manufacturer:
(
(

)
)

(
(

)

( 5)

)
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where

is the molar extinction coefficient of Alamar blue oxidized form (blue) ,

the molar extinction coefficient of Alamar blue reduced form (pink),
test wells,

the absorbance of negative control well,

4.3

= 570 nm,

the absorbance of

= 600 nm.

Results and Discussion
4.3.1

UV-Vis Study

Figure 4.1 shows UV-visible spectra of the prepared samples: CS coated copper-oxide
nanoparticles and their controls.
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Figure 4.1 UV-Vis spectra of Cu-CS composite (red) Cu control (cyan) CS-RT is (black) and
CS-HT (blue), Cu-Control (pink), CS-Cu-RT (lime).
To investigate the possible changes in structures and bonds in the HT chitosan and HT
copper-chitosan, we screened for optical properties of samples using UV visible
spectroscopy. Chitosan control shows a peak from 310 nm to 320 nm with a shoulder at 444
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nm. After hydrothermal treatment HTCS shows a blue shift in that peak ranging from 265 to
285 nm. Only copper sulphate solution at higher pH shows an absorbance at 260 nm which is
blue shifted in case of CuHTCS at 240 nm which may be due to presence of Cu(I) [20].
Absorbance at 240 nm doesn’t decrease sharply and it shows a distinct protrude at around
265 to 285 nm indicating characteristic HTCS absorbance in it.

4.3.2

XPS Analysis

Figure 4.2 C1s XPS for chitosan copper composite (left) and copper control (right).

Figure 4.3 Cu2p XPS for chitosan copper composite (left) and copper control (right).
XPS analysis was conducted for hydrothermally treated chitosan copper oxide
composite as well as hydrothermally treated copper oxide without any reducing agent.
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Comparison of composite's XPS spectra with one prior to adding chitosan, shows reduction
in Cu2p satellite peaks and Cu 2p peak due to expected reduction of Cu(II) to Cu(I). The
high resolution core level C 1s spectra for sample shows three peaks at 284.8 eV was
assigned to the contaminated carbon or C–C chemical binding; the peak at 286.5 eV was
assigned to C–O, C–N or C–O–C and confirmed the presence of chitosan; and the peak at
288.2 eV was assigned to C=O or O–C–O chemical bindings [21-24] coming from chitosan.
Presence of chitosan is confirmed from the C-N bond at 286.5 eV [25] that is absent in
control.
After coating with chitosan, a decrease in the atomic concentration for Cu2p was
observed compared to the control. This indicates surface passivation by chitosan as seen in
other study [25]. A fitting of the high resolution O1s spectra into four Gaussian peaks in
copper-chitosan composite is seen. The four identified peaks are 530.5, 531.6, 532.6 and
533.6 eV among which last three peaks were similar for both before and after chitosan
coating. The peak at 531.6 eV was assigned to C=O chemical bindings in N-acetylatedglucosamine units [26] and there was a new peak in case of chitosan coated copper oxide at
530.5 eV was due to a shift in C=O bound to Cu(II) as we did not have any other prominent
cations in survey spectra; the peaks at 532.6 eV was assigned to C–O or O–H or bound water;
and the peak at 533.6 eV was assigned to O–C–O chemical binding [23, 26]. The 533.6 eV
peak is much smaller in control indicating existence of byproduct from absorbed CO2.
Figure 4.3 shows full scan XPS spectra of Cu 2p core regions from the copper chitosan
composite and its fitted Gaussian peaks.
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Table 4.1 XPS peak position and functional groups.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Peak (eV)
284.6
286.5
288.2,288
932.6(s)
933.3(s)
934.5(s),934.2(c)
935.8 (c)
935.2(s)
941.6(s)
942.2(c), 944(s,c)
943.5(c), 945.5(c)
952.7(s)
953.3(s)
954.5(s),954.4(c)
955.1(s)
955.6 (c)
962.8(s), 963.7(c)
530.5
531.8, 531.5
532.7, 532.5
533.6

Functional Group
C-C bond, C1s
C-O, C-N functional group from chitosan, C1s[25]
C=O, O-C-O functional group from chitosan or absorbed CO2. [24]
Cu(I) in free Cu2O , Cu2p3/2[27]
Cu(I) in bound with chitosan , Cu2p3/2[28, 29]
Cu(II) in free CuO, Cu2p3/2[30]
Cu(II) in free Cu(OH)2 , Cu2p3/2[31]
Cu(II) in bound with chitosan , Cu2p3/2[28, 29]
Shake up peak for Cu2p3/2 in Cu(II) when bound with chitosan[28]
Shake up peak for Cu2p3/2 in Cu(II) of free CuO[25, 32]
Shake up peak for Cu2p3/2 in Cu(II) of free CuO
Cu(I) in free Cu2O , Cu2p1/2
Cu(I) in bound with chitosan , Cu2p1/2[28]
Cu(II) in free CuO , Cu2p1/2
Cu(II) in bound with chitosan , Cu2p1/2
Cu(II) in free Cu2+ , Cu2p1/2
Shake up peak for Cu2p1/2 in Cu(II) of free CuO or Cu(OH)2.
>C=O of Chitosan after binding with Cu (II)
>C=O of Chitosan or absorbed CO2 in O1s
C–O or O–H or bound water in O1s
O–C–O bond in any alephatic group in O1s

The core level Cu 2p spectrum for chitosan copper composite can be seen in Fig.4.3.
A large asymmetric signal in Cu 2p3/2 core region could be decomposed in four
contributions at 932.6 [25, 27, 33], 934.5 eV [30] and 933.3 ,935.2 eV [25, 29]. Where 932.6
,934.4 eV being Cu (I) and Cu (II) peaks from bigger Cu2O and Cu(OH)2/CuO particles in the
composite and 933.3 ,935.2 eV are chitosan bound Cu(I) and Cu(II) peaks [28]. The shift in
peak towards higher energy is attributed to chitosan interaction with Cu(II) as seen in other
studies [34] or may be due to change in crystal field pattern after interacting with chitosan
where copper occupies predominantly the tetrahedral sites [25, 35]. Hugely shifted peak seen
in case of control coming at 935.8 eV can be attributed to Cu(OH)2 [31].The shake-up lines
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for the bands 2p3/2 (944.5 eV) and 2p1/2 (962.0 eV) are attributed to the open 3d9 shell of
Cu(II) [36].The presence of Cu(II) and Cu(I) can be estimated by comparing the Cu 2p3/2
shake up satellite and main peak since the XPS signal of Cu(I) does not present shake up
features. Reduction in this satellite peaks in case of copper-chitosan clearly indicates
formation of Cu(I) from Cu(II)

4.3.3

Analysis of AFM Images

10 um

10 um

10 um
Figure 4.4 Atomic Force Microscopy (AFM) images of HTCS (CS control, left image) ,
HTCSCu composite particles (right image), HTCu (Cu control, bottom)
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AFM images of HTCS and HTCSCu composite after dialysis are shown in (Figure 4.4
right). It is seen that composite particles are spherical in shape with average particle size of
~515 nm. The AFM picture of HTCS is also shown (Figure 4.4 left), the size of this particles
varies from 488 nm to 1um (agglomerated particles). It appears that Cu in the HTCSCu
composites are bound to chitosan. Some free CS (not bound to Cu) is also seen in the picture.
Particle sizes of HTCu (copper control) are seen larger than those of composite particles
because of capping of copper oxide particles by CS in the composites.

4.3.4

SEM Image Analysis

Figure 4.5 Field Emission Scanning Electron Microscopy (FE-SEM) image (left) and its EDS
pattern (right) of HTCSCu composite.
FE-SEM image of copper chitosan composite indicates that composite particles are in
the submicron range and are embedded within the polymer matrix of CS.
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FT-IR Analysis

% Transmittance

4.3.5

Figure 4.6 FT-IR spectra of CS (black line), HTCS (green line), Cu (red line) and
hydrothermally derived HTCSCu (blue line).
The spectra show characteristic –OH stretching frequency. Characteristic OH
stretching frequency at 3438 cm-1 and amide stretching frequency at 1639 cm-1 are present in
HTCS (green line) and RTCS (black line) but they are not found in the composite indicating
interaction of amide N-H group as well as -OH group with Cu(II) ion. It is further seen that
3354 cm-1 for -NH2 stretching is shifted to 3233 cm-1 in HTCSCu indicating binding of
copper nanoparticles to N-H group of chitosan [37]. The copper control has unique 3438 cm-1
and 2700cm-1 peak for strong hydrogen bonded H2O and any possible CHO group formed
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from absoption of arial CO2 molecules. Another unique peak at 2052 cm-1 might be due to
symmetric CO stretching in M-CO due to aerial CO2 adsorption.

Microplate Alamar Blue Assay

Percentage reduction

4.3.6

Figure 4.7 Alamar blue assay of E. coli.
The Alamar blue oxidation-reduction dye is a general indicator of cellular growth
and/or viability; the blue, non fluorescent, oxidized form becomes pink and fluorescent upon
reduction [18]. Live bacterial cells releases NADH, NADPH and other hydrogen containing
energy producing products of metabolism that reduces the dye thereby indirectly indicating
the percentage of viable cells. Growth can therefore be measured with a fluorimeter or
spectrophotometer. Visual observation of the colour of the wells was also used in our studies
to verify the results and to rule out any discrepancy with absorbance levels derived from
particles while using a plate reader.
Results of Alamar blue test on E. coli bacteria as shown in Figure 4.7 clearly indicate
that both room temperature chitosan (RTCS) and hydro thermally treated CS (HTCS) show
anti-bacterial efficacy towards E. coli. In a recent report on antibacterial effect of chitosan, it
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is reported that chitosan exhibit a bacteriostatic effect on different Gram negative bacteria
including E. coli [38] . The observed slight variation of antibacterial activity of RTCS and
HTCS may be due to variation of molecular mass of CS [38]. It is interesting to note that like
Cu-CS composite, copper oxides control also shows some anti-bacterial activity towards E.
coli indicating Cu-oxides as active ingredient in the composite. The observed antibacterial
effect of the composite after 24 hours of incubation time may be due to slow release [39] of
Cu-oxides from the composite.

Cu-CS shows maximum antibacterial activity at

concentrations (around 150 ug/ml). This could be due to Langmuir type monolayer
adsorption of Cu-Cs on to bacterial cell wall surface [40].
Figure 4.8 shows Alamar blue assay on antibacterial activities of Cu-CS composites
on Gram positive bacteria S. aureus. Room temperature CS (without depolymerization,
RTCS) and hydrothermal CS (HTCS) show bactericidal effect similar to that of E. coli.
Antibacterial activity of CS on S. aureus has been studied earlier [41], and these authors have
also noted concentration dependent and incubation time dependent antibacterial activity of
CS.
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Percentage reduction

Percentage reduction

Figure 4.8 Alamar blue assay of S. aureus
Like the antibacterial effect of Cu- CS on E. coli, here we found anti-bacterial activity
of Cu-CS composites at concentration similar to that of E. coli, suggesting that the new
composite is effective against both Gram negative and Gram positive bacteria.
In conclusion we have successfully synthesized hydrothermal treated Cu oxides –CS
composites where CS acts as both a reducing agent and as a capping agent. From XPS study,
we have shown that both Cu (I) and Cu (II) oxides are present in the composite that can be
correlated to their enhanced antibacterial activity. The new composite shows similar
bactericidal effect against both Gram negative and Gram positive bacteria thus can be further
refined as a potential antimicrobial.
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CHAPTER5
CONCLUSIONS
The primary objective of the dissertation research was to prepare water soluble
chitosan nanoparticles and water dispersible chitosan nanocomposites loaded with copper
oxides to widen the application potential of chitosan and its composite NM, particularly for
biomedical and environmental applications. Water soluble CS NMs were synthesized using
hydrothermal technique and non-toxic chemicals. Commercially available low moleculer
weight chitosan, soluble in acidic solution (pH≤ 6.5), was used as the starting material.
Tartaric acid was used to facilitate depolymerization and crosslinking of chitosan. Submicron size spherical particles of narrow size distribution (100-300nm) formed as evident
through HRTEM, AFM, and light microscopy. Water soluble depolymerized chitosan
particles exhibited enhanced fluorescence behaviour due to reduction of quenching effect
from long polymeric chains after size reduction and micelle like particle formation.
FT-IR and NMR studies confirmed that no new functional groups were generated
during the depolymerization process, therefore genesis of chitosan fluorescence is
hypothesized to be due to the presence of carbonyl groups in its chain. This is supported from
the fact that fluorescence emission wavelength matches well with that of the reported value
for polycarbonyl compounds.
Water insoluble fluorescent dye, FITC, was loaded into water soluble depolymerized
chitosan resulting in an FITC loaded chitosan. FITC labelled chitosan is water soluble and
maintains the photoluminscence properties of FITC after chemical conjugation to
depolymerized chitosan. FITC-CS composite response to environment changes was measured
using iodide ion to quench the characteristic 515nm fluorescence. Fluorescence restoration
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occurred upon introduction of acetic acid at 37°C, showing that FITC-CS has ON/OFF
capabilities.
Water dispersible chitosan coated Cu(II)/ Cu(I) oxides was prepared by hydrothermal
method using tartaric acid and copper-sulphate penta hydrate. Here tartaric acid acts as
depolymerizer, ionic cross linker and complex forming (with Cu2+) reagent. Due to complex
formation it prevents formation of Cu(OH)2 precipitate, allowing nano copper oxide
formation. This water dispersible CS-CuO/ Cu2O forms a thin film upon drop casting on to a
Pt electrode and shows a CO2 reduction peak at -1.2 V vs Ag/AgCl in CV study in saline
solution (0.1 M Na2SO4). The observed reduction potential is close to the previous published
studies on CO2 reduction. The most important observation in our study is that using a
chitosan coated CuO/ Cu2O electro catalyst affects the long cathodic trail usually found in
CO2 reduction. This cathodic trail which is usually found in aqueous solution due to H2
evolution at high negative potential appears to be largely suppressed here. Thus, we have
proposed a model showing –NH2 group of chitosan gets protonated and thereby repels the
incoming H+ to the electrode surface.
Additionally, water dispersible CS-Cu2O/CuO was prepared by hydrothermal
synthesis to evaluate their antibacterial effectiveness against Gram positive and Gram
negative bacteria. At metallic Cu concentration of 150 ug/mL, the newly synthesized CS-Cu
composite exhibited enhanced growth inhibition over controls. The composites displayed an
overall synergistic antibacterial effect compared with CS and Cu oxide samples by
themselves.
In conclusion, we have developed protocols for synthesis of water soluble CS NMS
and water dispersible CS-CuO/Cu2O nano composites using water as a solvent and selective
multifunctional reagents. We have demonstrated by simple photo-physical and electro86

chemical studies how this water dispersible NMs will be useful in developing fluorescence
sensors, electro-catalyst for CO2 reduction and pesticide formulation.
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